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WHITE UGHT EMITTING PHOSPHOR BLENDS 
FOR LED DEVICES 

BACKGROUND OF THE INVENTION 

This invention relates generally to a white light illumination, system, 
and specifically to a ceramic phosphor blend for converting UV radiation 
emitted by a light emitting diode (*LED*) to white light- 
White light emitting LEDs are used as a backlight in liquid crystal 
displays and as a repl acement for small conventional lamps and fluorescent 
lamps. As discussed in chapter 10.4 of "The Blue Laser Diode* by & 
Nakamnra et at, pages 216-221 (Springer 1997), incorporated herein by 
reference, white light LEDs are fabricated by forming a ceramic phosphor 
layer on the output surface of a blue light emitting semiconductor LED. 
Conventionally, the blue LED is an InCaN single quantum well LED and the 
phosphor is a cerium doped yttrium alunuroun, garnet ("YAG.-Ce"), 
YsAIaOuL-Ce^. The blue light emitted by the LED excites the phosphor, 
causing it to emit yellow light. The hhte light emitted by the LED is 
transmitted through the phosphor' and is muted with the yellow light emitted 
by the phosphor. The viewer perceives the mixture of blue and yellow light 
as white light. 

However the bine LED - YAG.Ce phosphor white light illumination 
system suffers from the following disadvantages. The prior art blue LED - 
YAG.Ce phosphor system produces white light with a high color ternpentirre 
ranging from 60DOK to B000K* which is comparable to sunlight and a typical 
color rendering Index (CRT) of about 70 to 75. m other words, the 
chromatidry or color coordinates of this system are located adjacent to die 
Black Body Locus (*BBV) between the color temperatures of 6000K and 
8000K on the QE chixmiaUdry diagram illustrated in Figure 1. The color 
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temperature of Hub system can be reduced by increasing the phosphor 
iiuckness. However, the increased ptxwphor thickness decreases khe system 
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While the blue USD - YAG.Ce phosphor iftanm^Uon system with a 
relatively high color temperature end a relatively low CW is acceptable to 
customers in the for east lighting markets, the 'cutanea in the North 
American markets generally prefer an fflnrrdnation system with a lower color 
temperature, while the coatomers European markets generally prefer an 
flWnation system with a high CRL For e*iunp!e, North American 
customers generally prefer systems with color temperatures between 3000K 
and 4100K, white European customers generally prefer system* with a CRI 
above 90. 

The chrwnattdty coordinates and the CUE cfaromalidty diagram 
OluBtrated in Figure 1 are explained in detail in several text books, such as 
pages 98-107 of K. H. Butler, "fluorescent tamp Phosphors- (The 
Perm^lvama Stete University Press I960) and pages 109-110 of G. Blasse et 
aL, n^umirtescent Materials" (Springer-Vedag 1994), both mcorporated herein 
by reference. The tonicity ooordinstes color points) *si Ue along 
the BBL obey Planck's equation: Effi-fiX* I (eW* - 1), where B is the 
emission intensity, Ms the emission wavelength, T me color ternr^tnre of 
fte black body and A and Bare constants. Color coordinates mat lie on or 
near t}« BBL yield pleasing white Ught fa a human observer. CRIis arelattve 
measmement of how the color rendition of an fflurniriation system compares 
to that of e black body radiator. The CRI equals 100 if the color axadb^ 
a e^ of test cc4ot being aiorru^ 
asttecocmlmatestftte 
radiator. 
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Another disadvantage of the blue LED - YAGcCe phosphor system is 
that the LED color output (e-g., spectral power difttribolion end peak emission 
wavelength) varies with the band gap width of the LED active layer and with 
the power applied to the LED, Daring production, a certain percentage of 

5 LCDs are manufactured with active layers whose actual band gap width is 
larger or smaller than the desired width Thus, the color output of such LEDa 
deviates from the desired parameters. IHrrmennore. even if the band gap of a 
particular LED has the desired width, during LSD operation the power ". 
applied to the LKD frequently deviates from the desired value. This also 

10 causes the LED color output to deviate from the desired parameters. Since 
the light ^r"^** 0 ^ by the system contains a hhza component from the LED, if 
the color output of the LED deviates from the desired parameters, then the 
light output by the system deviates form the desired parameters as wett. A 
significant deviation from the desired parameters may cause the color output 

15 of the sysbem to appear nim-wirite'(ije., bluish on yeltowish). 

Furthermore,, the color output of the blue LED - YAGrCe phosphor 
• system varies greatly due to frequent uravcddahle, routine deviations from 
desired parameters (Lew manufacturing systematic variations) daring the 
production of the LED lamp because the color output of this system Is very 

20 sensitive to the thickness of the phosphor. If the phosphor is too thirv then 
more than a desired amount of the blue light emitted by the LED will 
penetrate through the phosphor, and the combined LED - phosphor system • 
light output will appear bhrish, because it is dominated by -die output of the 
blue LED, In contrast if the phosphor is too thick, then less than a desired 

25 amount of the bine LED light will penetrate through the thick YAGO 
phosphor layer. The ccmbined LED - phosphor system will then appear 
yellowish, because it is dornmeted by the yellow output of the YAG-.Ce 
phosphor. 
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Therefore the thickness of the phosphor iaa critical variable affecting 
the color output of the prior art system. Unfortunately, it is difficult to 
control the precise thkknens of the phosphor during large seal e production of 
the blue LED - YAG.-Ce phosphor system. Variations in phosphor thickness 
• 5 often rose* in the system output being unsuitable for white light munition 
appiicationB, causing the color output of the system to appear nor^white (i.e., 
bluish or yellowish), which leads to on ■unacceptafaly bhw LED ■ YAGtCe 
phosphor system naanufacturmg yield. 

The blue LED - YAGCe phosphor system also suffer* from the halo 
10 - effect due to me separaJion of blue ar^ 

in a directional fashion. However, the phosphor emits yellow Huht 
isonrjpicaUy <U« in all directions). Therefore, when the light output by the 
8yBte m Is viewed straight on (i.e. directly at the LED erniaaiooL me light 
appears bhnsh-white In contrast when the light output la viewed at an 
15 angle, the light appears yellowish due to the predominance of the yellow 
phosphr^eirriBBtDn. Wten the light output by such a system is directed onto 
a flat surface, it appears as a yellowish halo surrounding a bluish area. The 
present invention is directed to overeimurtg w 
set forth above. 

20 BRIEF SUMMARY OP THE INVENTION 

In accordance with one aspect of me present invention, mere is 
provided a white light iOurnination system corr^rising a light errtftimg diode, 
a first lurninescent material having a peak errussion wavelength oi about 575 
to about 620 nm, ft second luminescent material having a peak emission 
25 wavelength of about 495 to about 550 nm, which is different from the first 
naateriaL and a third hmsmescent material having a peak 
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emission wavelength of about 420 to about 480 mxv which Is different from 
the first and second luminescent materials. 

In accordance with another aspect of the present i nven t io n, there is 
provided a white tight emitting phosphor blend comprising at least three 
5 phosphors^ wherein the white, light emitted by the phosphor blend in 
response to incident radiation having a peak wavelength between 360 and 42D 
run comprises a color temperature between 300GK and 6500K, a CRT above 70 
and an efficacy above 200 hn/W. 

In accordance with another aspect of the present invention, there is 
10 provided a white light tilnrrunation system, comprising: 
a rariwHoti source; 

a first APO-Eu^Mn 2 * phosphor, where A comprises at least one of St, 
Ca> BaorMg? 

a second phosphor selected from at least one of: 
15 a) an ASSOJBo 2 *" phosphor, where A comprises at least one of Ba, 

Ca.& orMg; 

b) an ADSiO-.Eu 3 * phosphor, where A comprises at least one of Ba, 
Ca or 9r and D comprises at least one of Mg or Zn; ox 

c) an AAtO:Eu*+ phosphor, where A comprises at least one of Ba, 
20 . Sr or Co; and 

a third phosphor selected from at least one afc 

d) an AMgAJO-Bu* 4 phosphor where A comprises at least one of 
Ba, Ca or Sr; 

e) a DFOCfcEo** phosphor where D enmprises at least one of Br, 
25 Ba,CaarMg; 

f) an EO*AIO:Eu*- phosphor, where E compriBea at feast one of Ba. 
SrorCa; 
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g) an EAIOSu^ phosphor, where B comprises at tees* one of Ba, Sr • 
orCa;or 

h) GAIOJEo** phosphor, where G comprises at least one of K, Li, 
NaorKb. 

5 In accordance with another aspect of the present invention, Aere is 

provided a method of making a white light iHuriiination system, comprising 
blending a first phosphor powder having a peek emission wavelength of 
about 575 to about 620 run, a second phosphor powder having a peak 
erraseton wavelength of about 495 to about 550 run, and a third phoaphoi 

i0 powder bavirig a peak emi^a wavelength of about 420 to about 480 nm to 
form a phosphor powder mixture, and placing the phosphor powder mbmire 
into the white light Srurruriation system adjacent a. light emttting diode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 Is an illustration of a OB cbrorr^tioty diagram- 

Figure 2 is schematic iHustrationof a white light iUmnmatton system 
15 according to one enJ>odrment of the present invention. 

Pigures 3^ sj« cross-secikinai echei^ 
using an LED according to the first preferred embodiment of the preset 
invention. 

Figure 6 Is a cross-sectional schematic view of an fflnrninatoTi system 
20 using a fluorescent lamp accord^ 
the present invention. 
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Figure 7 is a cross-sectional schematic view of an flhmrinatton system 
using a plasma display according to the third preferred embodiment of the 
pres ent invention. 

DETAILED DESCRIPTION OF THE INVENTION 

5 In view of tfae problems in the prion ait it is desirable to obtain a white 

light Shimination system whose color output is less sensitive to variations 
during system operation and manufarfurmg process* 6uch as doe to 
variations in the LED power, the width of the LED active layer band gap and 
the thickness of the Luminescent material. The present inventors have 

10 discovered that a color output of the radiation source - himinescent material 
system is less sensitive to thr^r variations if the color output of the system 
does not include significant visible radiation emitted by the radiation source, 
such as an LED. In this case, the color output of the system does not vary 
significantly with the LED power, band gap width and the Himtnesngnt 

13 material thickness. The term hirninescertt material preferably comprises a 
phosphor in loose or packed powder form. 

The color output of the system does not vary slgiufloatttly with the 
thickness of the luminescent material If the white light emitted by the system 
lads any significant visible component emitted by the radiation source, such 
20 as the LED. Therefore, the amount of transmission of the LED radiation 
through the bjmsnescent material such as a phosphor, does not affect the 
color output of the system. This czxr, be achieved in at ! feast two ways. 

One way to avoid affecting the color output of the system to by using a 
radiation source that emits radiation in a wavelength that is not visjule to the 
35 human eye. For example, an LED may be constructed to emit ultraviolet (UV) 
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radiation-having a wavelength of 380 rail or less that is not visible to the 
human eye. Furthermore, the han^ eye ten^ 

having a wavelength between 380 and 400 nm and to violet light having a 
wavelength between 400 and 420 nm Therefore, the radiation emitted by the 
5 LED having a waviaLeiigth. of 420 nm or leas would not substantially affect the 
color output of the LED - phosphor system irrespective of whether the 
emitted LED radiation is transmitted through the phosphor or not because 
radiation having a wavelength of about 42D nm or less is not significantly 
visible to a human eye. 

10 The second way to avoid affecting the color output of the system is by 

using a thick luminescent material which does not allow the radiation from 
me radiation source to pass throughit For example, tfmel^emite visible 
light between 420 and 650. nm, men in order to ensure that the phosphor 
thickness does not affect the color output of the system the phosphor should 

15 be thick enough to prevent any significant amount of visible light emitted by 
me LED from penetrating through phosphor. However,, while flua way to 
avoid affecting the cotor output of the system is possible, it is not preferred 
because it Lowers the output efficiency of the system. 

In both cases described above, the color of the visible Hght emitted by 
20 the system ia solely dependent on the type of lummesoent material used. 
Therefore, in order for the LED - phosphor system to emit white light the 
phosphor should emit white light when it is hradwted by the LED radiation. 

Furthermore, by utilizing more Chan one phosphor the color properties 
of the white light may he varied to meet the desired color parameters. Fox 
25 example* by selecting certain phosphors in a certain ratio, the enter 
temperature and the CRI of the white light or the efficacy of the system may 
be optimised. For example, phoephor rafiosmay be selected to obtain a white 
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light iUmnfnation system with a color temperature of 3000K to 6500K, a CRI 
of above 70 and an efficacy of above 300 Im/W, which is desirable in the 
North American markets. A color t emperat ure of 4000 to 6500K is 
particularly desirable for a flashlight Alternatively, other phosphor ratios 
may be selected to obtain a white light Sixnnrnation system with a color 
temperature of 3O0DK to 41QDK, a CRI of above 90 axvd an effecacy of above 200 
Im/W, which is desirable in the European markets. 

The present inventors have discovered that a when a first orange 
emrttmg phosphor having a peak emission wavelength between about 575 
and 620 am, a second blue-green e mit t in g phosphor having a peak emission 
wavelength between about 495 to about 550 nm and a third bare emitting 
phosphor having a peak emission wavelength of about 420 to about 480 are 
u s ed together, a human observer perceives their combined emission as white 
light Furthermore, in order to increase the CRI of the iUumination system, a 
fourth red emitting phosphor having a peak emission wavelength of about 
620 fun to about 670 nm may be optionally added, 

figure 2 schematically illustrates the above principle. In Figure 2, a 
radiation source X, such as an LED, emits radiation 2 incident on three 
luminescent materials layers 5, such as the above described first second and 
third phosphors. The radiation 2 may have a wavelength to which the hiiman. 
eye is insensitive, such as 420 nm and below. Alternatively, the phosphors 3 
may be too thick to allow significant radiation 2 to penetrate to the other side. 
After absorbing the incident radiation 2, the first phosphor emits orange light 
4 having a peak errussion wavelength between 575 and 620 nm, the second 
phosphor emits Hue-green light 5 having a peak emission wavelength 
between 495 and 550 run, and the third phosphor emits blue light 6 having a 
peak emission wavelength between 420 and 480. If present the fourth 
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phosphor emits red tight 7 having a peak emission wavelength between 620 
ran and 670 ran. The human observer 8 perceives the combination of the 
orange 4, bltoe-green 5, blue 6 and optionally red 7 light as white Ugh* 9. 
Figure 2 schematically illustrates that different color Light 4, 5, 6, 7 emanate* 
5 from discrete phosphor areas to mustrate the concept of color mixing. 
However.it should be urrierstood mat light 4, 5, 6eiHl7rnay beonitiedfrom 
the same area and/ox from the entire phosphor if the individual phosphors 
are blended together to form a single blended phosphor layer 3. 

Any hirranescent materials, such as phosphors and scintillaton may be 
10 used in combination with a radiation source Co form the white light 
fflmnination system. Preferably, the luminescent materials have a Wgh 
Quantum efficiency at a particular emission wavelength of the radiation 
so aire. F urth e r more, each luminescent material is preferably transparent to 
the visible light wavelength* emitted by the other luxidnesoent material. 

15 1. The Radiation Source 

The radiation source 1 may comprise any radiation source capable of 
causing an emission from the pbosphom Preferably, the radiation source 1 
comprises an LED. However, die radiation source 1 may also comprise a gas, 
such as mercury In a fhioresoent lamp or high pressure mercury vapor lamp, 
20 car a noble gas, such aa Ne, Ar and/or Xe in a plasma dbplay. 

For example, the radiation source 1 may comprise any LED which 
cataes the phosphor* 9 to emit radiation 9 which appears white to the human 
observer 8 when the radiation 2 emitted by the LED is directed onto the 
phosphors. Thus, the LED may comprise a senuconductor diode baaed on 
2S any suitable HI-V, II-VI or IV-lV semiconductor layers and having an emission 
wavelength of 360 to 420 ran. For example, the LED may contain at least one 
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semiconductor layer based an GsN, ZnSe or SC seascomicctcc The LED 
may also contain one or more quantum wells in the active region, if desired. 
Preferably, the LED active regkm may cmnprise a p-n junction comprising 
GaN, AlGaN and/or InGaN semtondurtor layers. The p-n junction may be 
separated by a thin undoped In GaN layer or by one or more InGaN quantum 
wells. The LED may have an emlBdon wavelength between 360 and 420 run, 
preferably between 370 and 405 ran, most preferably between 370 and 390 ran. 
However, an LED with an emission wavelength above 420 run may be used 
with a thick phosphor, whose thickness prevents the light omitted from the 
LED from pertetratmg through the phosphor. For example the LSD may have 
the following wavelengths: 370, 375, 380 , 390 oi 405 nm. 

The radiation source 1 of the white light illumination system has been 
described above as a semiconductor light emitting diode.. However, the 
radiation source of the present invention is not limited to a semiconductor 
light emitting diode. For example> the radiation source may comprise a laser 
diode or an organic fight emitting diode (QLED). The preferred white light 
illumination system described above contains a single radiation source 1. 
However, if desired, plural radiation sources may be used in the system in 
order to improve the emitted white light or to combine the emitted white 
light with a light of a different colons). For example, me white light emitting 
system may be used in combination with red, green and/or blue light 
emitting diodes in a display device. 

2. The. Jfest phosphor 

The first luminescent material may be any phosphor, which in 
response to the madent radiation 2 mom the radiation source l r emits visible 
light having a peak errrissian wavelength of about 575 to about 62fl run. If the 
radiation source 1 comprises an LED having a peak emission wavelength 
-II- 



#£2004-501512 



(36) 

WO 01789001 PCT/CS01/1S<54 



"between 360 and 420 run, then the first phosphor may comprise any 
commercially available phosphor having the peak emission wavelength 
between 575 and 620 nm and a high relatively efficacy and quantum efficiency 
for incident radiation having a peak wavelength between 360 and 420 ma 

5 Preferably, the first phosphor comprises APO:Bu>,Mn?*, where A 

comprises at least one of Sr, Ca, Ba or Mg. Moet preferably, the first 
phosphor comprises a europium and manganese doped alkaline earth 
pyrophosphate phosphor, AaPaOrEn^jMn**, The phosphor may be written 
as (Ai^BuaJrfny^ Pa Or, where 0<xs&2,and0<y£02. Preferably, A 
10 comprises strontium Ions. This phosphor is preferred for an LED radiation 
source because it has a high efficacy and high quantum efficiency far incident 
radiation having a peak wavelength between 360 and 420 nm, such as that 
emitted by an LED. Alternatively, the first phosphor may comprise 
AaP&zBuPjMrP, where A comprises at least oneo£Sr,Ca,BaorMg. 

15 In the Bu 2 * and Mn 2r doped alkaline earth pyrophosphate phosphor, 

the Ea ions generally act as sensitizers said Mn ions generally act as activators- 
Thus, the Eu ions absorb the incident energy (te» photons) emitted by the 
radiation source and transfer the absorbed energy to the Mn ions. The Mn 
ions are promoted to an excited state by the absorbed transferred energy and 

20 emit a broad radiation band having a peak w-avetength that vrwies from about 
575 to 595 nm when the A ions comprise Sr iocs. Alternatively, A may 
comprise 50 molar percent Sr ions and 50 molar percent Mg ions, such that 
the AFChEu^jMn 3 * phosphor comprises a SrMgP&r.BuP&inP- phosphor 
which has a peak wavelength of about 615 nm. 
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The second luminescent material may be any phosphor, which in 
response to the incident radiation 2 from the radiation source % emits visible 
light having a peak emission wavelength of abocrt 495 ran to about 550 nrru If 
the radiation source 1 comprises an LED having a peek emission wavelength 
between 360 and 420 nm, then the second phosphor may comprise any 
commercially available phoephor having the peak emission wavelength 
between 495 and 550 nm and a high relatively efficacy and quantum, efficiency 
for incident radiation having a peak wavelength between 360 and 420 nm. ■ 
For example, the following three Eur* activated alkaline earth sQscate and 
aDcafine earmammtnate phosphors fit thia criteria. 

One such phosphor is a divalent europium activated alkaline earth 
silicate phosphor, ASoCXEu*, where A comprises at Least one of Ba, Ca, Si or 
Mg. Preferably, the ASiOJBu 2 * phosphor has die following composition: 
AjSlQeEu 2 *, where A preferably comprises at least 60% Be, 30% or less Sa* and 
10% or less Ca. If A comprises Ba or Ca, than the phosphor peak emission 
wavelength is about 505 ran. If A comprise* Sr, then the phosphor peak 
emission wavelength Is about 580 ma. Therefore, A most preferably 
comprises Ba kms or Ba Ions with some Ca and/ or Si ioaoa to obtain a desired 
pealc wavelength. 

In the alkaline earth silicate phosphor, the edroprum activator 
substrtotes on the alkaline earth lattice site, such chat the phosphor may be 
written est ((BaA£^*B**e^ where 0<xS0Z The alkaline earth 
silicate phosphor may also contain other impurities and dopants. For 
exaap iCj the phosphor may contain a small amount of fluorine incorporated 
daring powder processing from a fhxorina containing flnx compound, such 
asBaFzor EulV 
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Another divalent europium activated alkaline earth silicate phosphor, 
ADSiChEtP* where A comprises at least nne of Ba, Ca or Sr and D comprises, 
at least one of Mg and Zn, is suitable as the second phosphor. Preferably, the 
ADSiOJBu** phosphor has the following composition: AaDSaOrtEir*. The 
peak emission wavelength and the relative quantum efficiency of each 
csamorphous phc«phor is illustrated in Table I below: 

Table I 
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Therefore, A most preferably comprises Ba ions and/or Ba ions with some Ca 
or Sr ions In order to obtain the desired peak wavelength. 



In the alkaline earth sffleate phosphor, the europium activator 
substitutes on tire alkaline earth lattice site, each that the phosphor may be 
written asc {Ai-^RfcOaDSfcOz, where 0 < x S 02 The alkaline earth sfflcate 
phosphor may also contain other impurities and dopants. For example,, the 
phosphor may contain a small amount of fluorine incorporated during 
powder processing from a fluorine containing flux compound, such as BaFa or- 

A divalent europium activated alkaline earth aiurrdnate phosphor, 
AAlOcEtf* where A comprises at least one of Ba, Sr or Ca is also suitable tor 
use as the second phosphor. Preferably, me AAlOBa 2 * phosphor has the 
following composition: AAkOcEu*, where A oompTises at least 50% Sr, 
preferably at least 60% Sr and 20% or less Ba. If A comprises Ba, then the 
phosphor peak emission wavelength is about 505 rcru If A comprises Sr, then 
-14- 
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the phosphor peak emission wavelength is about 520 nm, If A comprises Ca, 
then the phosphor peak emission wavelength is about 440 ran. Therefore, A 
most preferably comprises fir or Str and Ba ions in order to obtain the desired 
peak wavelength. 

5 In the alkaline earth aluminate phosphor, the europium activator 

substitutes on the alkaline earth lattice site, euch that the phosphor may be 
written as (AncEo*) AljQ^ where 0 < x S 0.2. The alkaline earth aluminate 
phosphor may also contain other impurities and dopanta, such as fluorine 
incorporated from a flux. 

10 - The europium activated alkaline earth silicate phosphors are described 

in detail in G. Blasse et al., "Fhtorvscatc* of En** Activate? Sitiaztes' 23 Philips 
Res. Bepts. 189-200 (1968), incorporated herein by reference. The europium 
activated alkaline earth alumina tea phosphors are described in detail in C. 
Blasse et aL, "Fluorescence of Eu 2 * Activated AlkaKm-EarA AharrinBtcs" 23 

15 Philips Res. Repts. 201*206 (1966), incorporated herein by re f e r ence . These 
references also illustrate the emission and excitation spectra of me above 
described phosphors. 

In one aspect of the present mventjorv the second phosphor may 
comprise a plurality of the silicate and abominate phosphors in order to 

20 optimize the color or other emission properties, tf desired. For example, the 
second phosphor may comprise the following cambtaaoons: ASiOBu?* and 
AD6iCfcEu*V ASKXBu*- and AAJOrEu*-, ADSiCfcEu* and AAlCfcEn 2 *, 
ASiOEu** and ADSiCWBu* and AAKkBu*-. Use above mentioned phosphors 
may he placed into the same iUumination system as overlying layers or as a 

25 blend 

4. The Third Fhasph&x 
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The third luminescent material may be any phosphor, which in 
response to the incident radiation 2 from the radiation source 1, emite visible 
Hghi having a peak emiSBion wavelength of about 420 nm to about 480 run If 
the radiation source 1 comprises an LED having a peak emission wavelength 
5 between 360 and 420 run, then the third phosphor may comprise any 
commercially available phosphor having the peak emission wavelength 
between 420 and 480 nm and a high efficacy and quantum efficiency for 
Incident radiation having a peak wavelength between 360 and 420 nm. For 
example, the following two commercially available Bu*+ activated phosphors 
10 fit this criteria. 

One example of a third phosphor having a peak emission wavelength 
between 420 and 480 nm is the divalent europium activated hakrohosphate 
phosphor, DFOCfcHu*, where D comprises at least one of Sr, Be, Ca or Mg. 
The DPCXlfiu 2 *- phosphor preferably comprises the cotmnercially available 

15 "SECA" phosphor, DsJPO^sCkEu^ A small amount of phosphate may be 
replaced by a small amount of borate to increase the egPBaaop intensity. The 
peak emission wavelength of mis phosphor varies with the ratio of strontium 
Co other alkaline earth tons. When D comprises only Sr Ions, the peak 
emission wavelength Is 447 run. SnbstimHnu of the Sr ions with Ba ions cause 

20 the peak emission to shift to a lower wavelength, while substitution of me Sr 
Sons with Ca ions causa tha peak emission to shift to a higher wavelength. For 
example, if the 0,5 moles out of the 5 moles of Sr ions are substituted with 03 
motes of Ca ione, then the peak emission shifts to 452 nm If 1 mole of Sr ions 
are substituted with 0J5 moles of Ca ions and 05 moles of Ba ions, then the 

23 peak emission shifts to 445 run. Therefore, the preferred SBCA phosphor 
composition is (Sr^-« Ba y Ca» )*«Eu* (FO^X where 0.(71 £ xS O^Oiyi 
0.1 and 0 Sz £ 0.1 and the preferred peak emission wavelength is447-450 ran 
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Another example of a third phosphor having a peak emission 
wavelength between 420 and 480 nm is the divalent europium activated 
alkaline earth metal ahnninate phosphor, AMgAJOiEu 2 * where A comprises 
at least one of Ba, Ca or Sr. Toe preferred alumina te phosphor may ha ve 
5 various magnesium, aluminum and oxygen molar ratios and is commercially 
available under the name "BAM." For example, one p r efer red BAM 
phosphor may be written as AM&AhdDvEa 2 *, where A preferably comprises 
at least 90% Ba ions. This phosphor has the following formula: (Bat. 
*Eu*)Mg2AliG027, Where 0 < x <, 0.2, preferably *-O07. Alternatively, BAM 

10 has me following molar ratios: EaMgAluOir. En 24 . The BAM phosphor has 
an emission peak at about 150 nm due to the Eu 2 * activator on the A lattice 
aire. "The emission peak shifts from 450 nm to a Irighex wavelength as the 
amouiti of barium ions substituted with strontium ions increases- 
Other examples of a third phosphor having a peak eirusskm 

15 wavelength between 420 and 480 nm comprise divalent e ur o pium activated 
alummate phosphors selected from an EO*AK>.Ha 2 * phosphor, an BAlOtBu*- 
phosphor and/ or a GAJDJsu 3 * phoephor, where E comprises at least one of 
Ba, Sr or Ca ions and G comprises at least one of Ki U No or Rb ions. 
Preferably, E comprises Ba ions substituted with 0-10% of Sr or Ca ions and G 

20 comprises K substituted with 0-10% of U, Na or Kb ions. Preferably, the 
ED*AJO:Ba* .phosphor comprises z(BaO) - 6AlsO*Ett a * or z(Baj- 
^a,)0*6Al20^ where 1 S z s 1-8, and CK x £ 0.Z The BAIO-Bo** phosphor 
preferably comprises BaAhaOi^Eo 3 * or (Bai«Enx)Ah^)i9 where (X x £ 0.2. 
The GAKfcEn** phosphor preferably comprises KAlnOimr.Bu 3 ^ or (Ku 

25 »Eu»)AliiOnj37, where 0< x < OX The BO*AK>, BAIO and GAIO phosphors are 
described in the following refere n ce s, each m carp omt ed herein by reference 
in their entirety: A.UN. Revels and A.D.M. Sthrama-de Fauw, Journal of the 
Electrochemical Sodety, 123 (1976) 691; /.AtPJ, Verstegen, Journal of the 
-17- 
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Electrochemical Society, 121 (1974) 1623; and CJR. Ronda and B.MJ. Smets, 
Journal of the Electrochemical Society, 136 (1989) 570. 

In one aspect of the present invention, the third phosphor may 
comprise a blend ofSBCA, BAM and/ or one or more alummate phosphors in 
order to optimize the color or other emission properties, if desired 

5, ThgOpHor^FocrmPrtosohor 

The optional fourth luminescent material may be any phosphor, which 
in response to the incident radiation 2 from the radiation source 1, emits 
visible light having a peak emission wavelength of about 620 ran to about 670 
ran. This red emitting phosphor may be added to the first second and third 
phosphors to improve the CRI of the white light emitted by the combination 
of phosphors. Sin<* the CM is a measure of how to 

OtanrinaBori from the phosphor compared to under I Dnmbwrt ion from a black 
body, the white light emitted from phosphor will better approximate me 
white light from a black body if the phosphor emission comprises additional 
individual colors. If the radiation source 1 comprises an LED having a peak 
emission wavelength between 360 and 420 ran, men the second phosphor 
may comprise any commercially available phosphor having me peak 
emission wavelength between 620 and 670 ran and a high efficacy and 
quantum efficiency for incident radiation having a peak wa'geiength between 
360 and 420 m For example, the Mn** actrrated fmcrogerrrumate phosphor 
fits this criteria. 

For example, the fluorogermanate phosphor may comprise a 
magneshmi fluorogpimanare phosphor, MgO*Mgf*GeO: Mn«\ preferably the 
coinmerdaDy available ^SMgOni-SM^KSeCkMn** phosphor. This 
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phosphor emits a structured red hirranescence band having six peaks at room 
te mperetmte between 623 and 664 cm. 

6. The Phosphor ^lend 

According to one preferred aspect of the present invention, the first, 
5 second, third and optionally fourth phosphors are interspersed. Most 
preferably/ the phosphors ere blended together to form a nrtifonn blend. The 
amount of each phosphor in the blend depends on the type of phosphor and 
the type of radiation source used. However, the first, second, third and 
optionally fourth phosphors should be blended such that the combination of 
10 the emission 9 from the phosphors appears white to a human observer 8. 

Alternatively, the first; second* third and optionally fourth phosph ors 
may comprise discrete layers formed over the radiation source 1 However, 
the upper phosphor layers should be substantially transparent to the 
radiation emitted by the lower phosphors. 

IS The composition of the phosphor powder blend may be optimized 

based on the number of phosphors used, the desired blend CEM and efficacy, 
the composition of the phosphors and the peak emission wavelength of the 
radiation source 1. Fox example, in order to decrease the color temperature 
of the phosphor blend for a constant excitation radiation v<flayelength, the ratio . 

20 of blue to orange emitting phosphors may be decreased. In order to increase 
the CRI of the phosphor blend, a fourth phosphor, such as a red emitting 
phosphor, may be added to (he blend* 

The phosphor blend of a first prefe rr e d aspect of the present invention 
preferably contains at least three phosphors, wherein the white light emitted 
25 by the phosphor Mend in response to incident or excrtadon radiation having a 
peak wavelength between 360 and 420 ran comprises a color temperature 
-19- 
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between 3000K and 6500K, a CRI above 70 and an efficacy of above 200 
Im/W. More preferably, the blend efficacy is above 264 hn/Wandthe color 
temperature is between 3300K and 4100K Most preferably the efficacy is 
above 340 bn/W. 

5 The piefen e d first second and tod phosphors of the first preferred 

aspect of the Invention comprise strontium pyrophosphate, alkali earth 
silicate and SECA, respectively. Hie oamposidon of die Wend of the first 
preferred aspect comprises about 55 to about 75 weight percent 
SiarVV^u^Mn?*' phosphor, about II to about 22 weight percent 
10 (Ba^r^a^tCXtEU 2 * phosphor and about 13 to about 22 weight percent 
(Sr.Ba.CB^MgWPOiJsarBa^ phosphor. 

The high CM phosphor blend according to a second preferred aspect of 
the present invert don preferably contains at Least four phosphors, wherein the 
wrote light emitted by the phosphor blend In response to incident radiation. 
15 having a peak wavelength between 360 and 420 nm comprises a color 
temperature between 300QK and 4100K, a CFI above 90 and ari efficacy above 
200 lrn/W. More preferably, the Wend efficacy is above 264 kn/W and the 
color temperature is between 33CCFK and 3800K 

The pr efe rred first second, third and fourth phosphors of the second 
20 preferred aspect of the invention comprise strontium pyrophosphate, alkali 
earth silicate, SECA, and magnesium £iwrogermanatev respectively. The 
ajmpositic* of me blend of -the second yiefcu c d aspect comprises about 11 to 
about 43 weight percent Sr^aO^Eu^^frt^ phosphor, about 9 to about 15 
weight percent (BavSr,Ca)£iO«£u** phosphor, about 6 to about 14 weight 
25 percent (Sr,Ba,QuMg)5(PC^)3CliEu?* phosphor, and about 3D to about 71 
weight percent 3.5MgO^MgF2^3eOz;Mn«* phosphor. 
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However, other phosphors having the desired peak emission 
wavelengths may be used instead of or in addition to the phosphors described 
above. For example, for radiation sources other than LEDs, phosphors that 
have a high efficacy and high quantum efficiency for incident radiation 
S having a peak wavelength of 254 run and 147 can, may be used far fluorescent 
lamp and plasma display applications, respectively* The meaoory gas 
emgdonma fluorescent lamp has a peak emission wavelength of 254 nm ami 
Xe plasma discharge in a plasma display has a peak emission wavelength of 
147 ran. 

10 7. The Illaininafeon SvBtem 

According to the first pre famed embodiment of the present invention* 
the first- second, third and optionally fourth phosphor powders are placed 
into 3 white light in -n^un**^. **** system containing an 1 BP radiation source* 
The "white light ^Humiliation system may have various different structures. 

15 The first preferred structure is sdnesnatxaDy illustrated in Figure 3. The 

Illumination system includes a light emitting diode chip 11 and leads 13 
electrically attached to the LED chip. The leads 13 may comprise thin wires 
supported by a thicker lead framed) 15 or the leads may comprise self 
supported electrodes and the lead frame may be omitted. The leads 13 

20 provide current to the LED chip 11 and thus cause the LED chip 11 to emit 

The LED chip 11 is encapsulated within a shell 17 which 
encloses the i.ren chip and au encapsulant material 1°. Preferably, the 
encapsuiant coinpcises a UV resistant epoxy. The shell 17 rnay be, for 
25 example, glass or plastic The encapsulant material may be, for example, an 
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q?oxy or apolymei material such as aUzoxte. However, a separate shell 17 
may be omitted and the outer surface of the enoapsolsuni material 19 may 
comprise the shell 17. The LED chip 11 maybe supported, for example, by the 
lead frame 15, by the self supporting electrodes, the bottom at the shell 17 or 
by a pedestal mounted to the shell or to tin lead frame. 

The first preferred structure of the iflojnination system inemdefi 
a phosphor layer 21 axnprismg the first, second, third and optionally fourth . 
phosphors. The phosphor layer 21 may be fanned over or directly on. the 
light emitting surface of the LED chip 11 by coating and drying a suspension 
containing the first, second, third and optionally fourth phosphor powders 
over the LED chip U. After drying, the phosphor powders form a solid 
phosphor Layer or coating 21. Bo*, the aheI117and 1he eMpsalant 19 should 
be transparent to allow white light 23 to be transmitted trrrough those 
elements. The phosphor erafts white light 23 which comprises the orange, 
blue-green, blue and optionally red light emitted by the first second, third 
and optionally fourth phosphors, respectively. 

Figure 4 Illustrates a second preferred structure of the system 
according to the first preferred €ir\bodimen± of the present mventtofu The 
structure of Figure 4 i* the same as that of Figure 3, except that the phosphor 
powders are interspersed within the erucapsulant material 19, instead oi being 
formed over the LED chip 1L The first phosphor powders may be 
-22- 
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interspersed within a single region of ttie encapsulant material 19 or 
throughout the entire vohnne of Hue eneapsulant materiaL The phosphor 
powders are Interspersed within the enrapsntent ma trrinl fox example by 
adding the powders to a polymer precmsoi, and then curing the potymgr 
precursor to eoltdify the polymer material. Alternatively, the phosphor 
powders may be mixed In with the epoxy encapsalant Other phosphor 
rnte i spei aior i methods may also be used The phosphor powders may be 
premised prior to adding a mix of these powders to the encapsulnnt material 
19 or the phosphor powders may be added to the encapeoiant rnnftri n l 19 
separately. Alternatively, a solid phosphor layer 23 comprising the first, 
trerond, third and optionally fourth phosphors may be inserted into the 
eneapsulant material 19 if desired. In this structure me phosphor layer 21 
absorbs the mdiatioo 25 emitted by the LED and m response, emits white 
fight 23. 

Pimire 5 Otastretes a tinrd preferred s 
according to the 6n$t preferred emrxidiment of the present invention, The 
structore of Figure S is the came as mat of Figure 3, except that the phosphor 
lsycr 21 cordairung the first, second, third and optionalfyfom^ phosphors te 
formed on the shell 17, instead of being formed over the UBD chip 11. The 
phosphor layer 21 is preferably formed on the inside surface of the shell 17, 
although the phosphor layer 21 may be formed on the outside^oiface of me 
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shea if desired. The phosphor layer 21 may be coated on the entire surfaced 
the shell or onh; a top portion of the surface of the shell 17. 

Of coarse, the embodiments of Figures 3-6 may be combined and the 
phosphor may be Located in any two or ail three locations or in any other 
5 suitable location, such as separately from the shell or integrated tnto the LED, 

According to the second preferred embwhment of the present 
mventiorv cha first second, third and optionally fourth powders are placed 
into a white light illumination system containing a fluorescent lamp radiation 
• Boupce. A portion of a fluorescent lamp is schematically illustrated in Figure 
10 6. The lamp 31 contains a phosphor coating 35 comprising the first, second, 
third and optionally fourth phosphors on a surface of the lamp" cover 33, 
preferably the inner surface. The fluorescent lamp 51 also preferably contains 
a lamp base 37 and a cathode 39. The lamp cover 33 encloses a gas, such as 
mercury, which enute UV radiation in response to a voltage applied to the 
IS cathode®. 

According to eta third pr^ nwentiorv, 
the first second, ttird and optionally fourth phosphor powders are placed 
into a white light illumination system contaJmtng a plasma display device. 
Any plasma display device, such as an AC or a DC plasma display panel may 
20 be used, such as the devices described on pages 623-639 of the Phosphor 
tim&odk. Edited by S. SWonoya and WM Yea CRC Press, (1987, 1999>, 
incorporated herein by reference. figure 7 schemata 
a DC plasma display device 4L The cell contains a first gfcss plate 4Z a 
second glass plate 43, at least one cathode 44, at least one anode 45, a 
25 phosphor layer 46 comprising the first second, third and optionally fourth 
phosphors, barrier ribs 47 and a noble gas space48. In an AC plasma display 
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device, an extra dielectric layer is added between the cathode and the gad 
space 48. An application of a voltage between the anode 45 and the cathode 
44 causes die noble gas in apace 48 to emit Bhort wavelength vacuum 
ultraviolet radiation (VUV), which excites the phosphor layer 46 causing it to 
emit white light. 

& The Processing Method 

The individual phosphors may be made, for example, by any 

ceramic powder method, such as a wet chemical method or a soHd state 

method. 

Preferably, the method of making the first phosphor comprising 
europium, and manganese doped strontium pyrophosphate phosphor 
comprises the following steps. First, use starting compounds of tiia first 
phosphor material are manually blended or mixed in a crucible or 
mechanically Mended or mixed in another suitable cxmtsiner, such as a ball 
mill, to form a starting powder mixture. The starting compounds may 
comprise any oxide, phosphate, hycrrcodde, oxalate, carbonate and/ or nitrate 
starting phosphor compound. The preferred starting phosphor compounds 
comprise atr outturn hydrogen phosphate, SxHFOb manganese carbonate 
MnOOa, europium oxide, EuaOa, and ammonium hydrogen phosphate 
(NH0HPO« powders. The {NrU)HPO* powder is preferably added in an 
amount comprising 2% in excess of the stoichiometric ratio per mole of the 
ru^ptosphorpitxiuced. A small excess of the Sr compound may also be 
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added if desired. Calcium, barium and magpgsiina startiiig- compounds may 
also be added if It is desired to wbstitute some or all of the strontium with 
calcium, barium and/or magnesium. The starting powder mixture is then 
heated in nix at about 300 to 800 <2 for about 1-5 hours, preferably at 600 °C 
The resulting powder is then re-blended and STzbeeqnerrtly flred in a reducing 
atmosphere at about 1000 to 1250 °C, preferably 1000 °C, to form a calcined 
phoaphor body or cake. Preferably the starting powder mixture to caldned in 
a furnace in an atrrxx>phere ujuiipjisaig nitrogen and 0.1 to 10% hydrogen for 
four to ten havocs, preferably eight hours, and subsequently cooled in the same 
atmosphere by turning off the furnace. 

Preferably, die method oi making the second preferred 
(Ba^r,Ca) 3 SiO*iBa z * phosphor comprises the following steps. First the 
starting compounds of the phosphor arc manually blended or mixed in a 
crucible or mechanically blended or mixed in another suitable container, such 
as a ball mill, to form a starting powder mixture. The starting compounds 
may ooorprise any oxide, hydroxide, oxalate, carbonate and/or nitrate 
starting phosphor compound The preferred starting phosphor compounds 
comprise bar him carbonate BaOQs, stron t ium carbonate SrOQv calcium 
carbonate CaCOs, europium oxide, EhjQj, and silicic acid, SiOi^tHaD. 
Preferably, a flux, such as CaFais added to the starting materials in an amount 
of D.5 to 3 mole percent per mole of the phosphor produced. Tlie starting 
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powder mixture Is men fired a first time m a carbon containing atmosphere, 
such as m a charcoal containing atmosphere at 1200 to 1400 *C far 5 to 7 hours 
to form a first calcined phosphor body or cake- The resultant cake is then 
ground and nailed to a powder. This powder to Oim annealed or ered a 
5 second thru? ma redact 

second calcined phosphor body or cake. Freferatty the powder is annealed in 
a furnace in an atmosphfira comprising nltrOgan and 0.1 to 30% hydrogen for 
two to six hours. 

The solid calcined phosphor bodiee may be converted to a first 
10 phosphor powder in order to easily coat the phosphor powder on a portion of 
the white light Olnrninatxm system- The solid phosphor body may be 
converted to the first phosphor powder by any crushing, milling or 
pulverizing method, each as wet milling, dry millin g, jet milling or crashing. 
Preferably, fee solid body is wet milled in propanoic meth a n ol and/ or water, 
15 and subsequently dried- 

The third and fourth phosphors are cosxanesdally available as 
phosphor powders and ttms, their exact method of D^anxifsrtnxe is not 
significant The synthesis of BAM and SECA phosphors is described on 
pages 398-399 and 416-419 of S. SWonoya et el, Phosrftor Handbook, CRC Press 

20 (1987, 1999), rncoTptxcar^ 

a commercial BAM phosphor involves blending starting materials comprising 
barium carbonate, magnesium carbonate, alumina or aluminum . hydroxide, 
e uropium oxide and optionally a flux, ami. as atnrnimim fluoride or barium 
chloride. The starting powder rnixture is then fired in areducmgatenosphere 

25 at about 1200 to 1400 °C to form a calcined phosphor body or cake. The cake 
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may be reground and re&ned under the nine conditions, A method of 
making e commercial SHCA phosphor involves blending starling materials 
comprising strontium carbonate, strontium arthophoephate, strontium 
chloride and europium oxide. The starting powder mixture is then fired in a 
5 reducing atmosphere at about 1000 to 1200 °C to form a calcined phosphor 
body or cake. The cake is then ground into a phosphor powder. 

The first second, third and optionally fourth phosphor powders are 
then Mended or mixed together to form a phosphor powder blend or mixture. 
The powders may be manually blended m a crncibie or mechanically blended 
10 in another suitable container, such as a ball mill. Of course, the phosphor 
powder blend may contain more than four powders,, if desired. Al tern atively, 
the bodies may be pulverized and blended together. 

The phosphor powder blend Is then placed into the white light 
illumination system. For example, the phosphor powder biend may be placed 
15 over the LED chip, interspersed into the encapsuJant materia] or coated onto 
the surface of the shell, as described above with respect to the first preferred 
embodiment of the present mvenhnn. 

If the phosphor powder blend is coated onto the LED chip or the shell, 
men preferably, a suspension of the phosphor powder blend and a liquid is 

20 used to coat the LED chip or the shell surface. The suspension may also 
optionally contain, a binder in a solvent Preferably, the binder comprises an 
organic material, such as nitrocellulose or ethykelmluse, in a solvent such as 
butyl acetate or xylol The binder enhances the adhesion of the powder 
particles to each other ar*i to the LED or me shelL However, the binder may 

25 be orrdtted to simplify processing, if desired. After coating the suspension is 
dried and may be heated to evaporate the binder. The phosphor powder 
blend ads as the phosphor layer 21 after drying the solvent 
-28- 
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If the phosphor blend is to be interspersed within the encapsulant 
material 19, then me phosphor blend may be added to a polymer precaoor, 
and then the polymer precursor may be cared to solidify the polymer 
material. Alternatively, the phosphor blend may be mixed in with the epoxy 
5 encapsulazit Other phosphor jntcr^peraion methods may also be used. 

If the phosphor blend is placed into a fluorescent lamp or a plasma 
display, then a suspension, of the phosphor powder blend and a liquid ts used 
to coat me lamp or plasma display inferior surface. The suspension may also 
optionally contain a binder in a solvent as described above, 

The following examples are merely ffiustreirve; and should not be 
construed to be any sort of limitation on the scope of the claimed invention- 

Example 1 

Three blends of three phosphors were prepared by the above 
15 mentioned proce&s. The blend composition was varied based on the peak 
emission wavelength erf the radiation source to be used with me blend In 
general, tor USD radiation sources having a peal: errusston or excitation 
wavelength between 370 and 406 nnv the amount of the first orange emitting 



20 and third bine emrttmg phosphors decreased with increasing epilation 

wavelength. The excitation wavelength, the blend c omp o siti arv the CEE color 
coordinates (coc and ccy), the color temperature, the QU and the efficacy of 
the blend are summarized in Table n, below. 
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Table D 



EXCTTA 
TIONX 


PHOSPHOR 
BLEND 
(WT%) 


cot 


cry 


Color 
T(K) 


CRI 


Efficacy 
<lm/W) 


380 mm 


SrP(575) 
BASI(21.S) 
SECA C21.0) 


.4011 


3807 


3507 


703 


346.4 


390 mm 


StP(«A) 
6ASI (19.4) 
SECA {1*2} 


3993 


3830 


3566 


70.7 


3473 


405 mm 


SrP(73.7) 
6ASI (12.1) 
SECA (142) 


3899 


3791 


3767 


723 


349.6 



. In Che above table, the following abbreviations were used: BAH - 
(Ba^SroiCaaiEuaoe^Qw SBCA - (Sr.Ba,Ca)sCP04)8CkEu»; SrP = 

5 Sr^Or-Eu^Mn*. Efficacy is daBned as the product of the system lnininosity 
times 683 Lin/W, where 683 Lm/W is the peak luminosity at 555 ma System 
luminosity is defined as (JP(*) Y(X) dX) / ( J F(X) dX), where P(X) is the 
emission spectrum ami Y{X) is thr eye sensitivity curve- As illustrated in 
Table II, *e color temperature of the blends varied from 3507 to 3767 K, the 

10 CRI varied from 703 to 723 and the efficacy varied bom 346.4 to 349.6 lm/W. 
These high efficacy blends are preferred fox the white light flhmtinetion 
systems sold in the Worth American lighting market 

Example % 

Three blends of four phosphors were prepared by the above 
15 mentioned process. The htertd eompositiDn was varied based cai the peak 
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emission wavelength of the radiation source to be used with the blend. In 
general, for LED radiation sources having a peak emission, or excitation 
-wavelength between 370 and 405 nm, the amount of the first second and 
third phosphora in the blend increased while the amount of the fourth 
phosphor decreased, with increasing excitation wavelength. The excitation 
wavelength, the blend coniposiann, the OE color coordinates (ooc and ccy), 
the color temperature, the CRI and the efficacy of the Wend are summarized 
in Table HL below. 



Table m 



fcXCITA 
TIONX 


PHOSPHOR 
BLEND 


ccx 


tCf 


Color 


CRI 


Efficacy 
(un/W) 


380 mm 


SrP<12.7) 
BASI (10.0) 
SECA(7A) 
(69.9) 


.4017 


3835 


3519 


93 


2S5 


990 nun 


SrP(17.6) 
BASI (113) 
SBCA (9,0) 
MrF(6L6) 


.4065 


3793 




933 


27i2 


405 mm 


SrP<413) 
BASI (14-2) 
SECA (123) 
MrfOLS) 


3967 


3743 


3557 


913 


264.7 



In the above table, the following abbreviations were used: BASI = 
(BajLGa^toiCaaiEaus^O*; SECA - (Sr.Ba^aXPC^^^u^ SrP - 
SbPaCvEu^Mn* and MgF «= 33Mgpn>3MgiyGeOa*^. As illustrated in 
Table HI, the color tsmperoture of the blends varied from 3374 to 3557 K, the 
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CRI varied from 913 to 93.5 and the efficacy varied from 264.7 to 285 lm/ W. 
From Table m, it is apparent that the addition of the fourth red emitting 
phosphor results in a significant CRI Increase. These high. CRI blends are 
preferred for the white tight ffltmuiuraon systems sold m the European 
lighting market 

The preferred embodiments have been set forth herein for the purpose 
of illustration. However, this description should not be deemed to be a 
limitation on the scope of the invention. Accordingly, varies modifications, 
adaptations, and alternatives may occur to one skaHed in me art without 
departing from the spirit and scope of the claimed inventive concept 



(57) 



WO 01/B9OOJ PCT/tBO 1/15454 

WHAT IS CLAIMED IS: 

8 tight mt^TTfrig dlodfi (11)*, Utfi 

at least one hmrioescent material (21) tnmn» at least two peak emission 
wavelengths, wherein fee emission C3E color wwitimates of die at least two peal 
emission wavelengths ere located within an "area of a p entagon an a C£E 
cfaromatfclty diagram, whose comer* have the following GEE color coordinates: 

e) x=0.0137 and y =0.483 1 ; 

b) x =0.2240 and y =03890; 

c) x =0.2800 and y =0.4500; 

g) x=0.2?79 aid y =0.51 96; and 

h) x-O.OMB and y -0.7220. 

2. The system of claim 1, wherein: 

the tijfti emitted by system laflp flny significant visible compotosni 
nntWr4 by the light emitting diode (11). 

3. The system of claim 2, wherein the light emitting diode CI 1) peak c mfaato n 
wavelength is betwean 360 and 420 nm; and 

4. The system of claim 3, wherein the light emitting diode (1 1) contains an 
InGaN active layer having a peak emission wavelength, between 370 and 405 am. 

5. The system of claim 4. wherein the hmunescei* material (21) emission GOB 
color coordinates are x=0.3 ± 0.05 and y— 0.52. ± 0.05. 

6. The system of claim 1, whwein the emission C3E color coordinates of me at 
toast one hmnneacBnt material are located wiflnn an area of a q nartrilaiara l on a OB 
chromaticity diagram, whose corners have the foDowing COB color cc<Jtnmatee: 

a) x =0.000 and y« 0.506; 
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b) *-O.224andy*0.3B9; 

c) *«=0.280 and y =0.450; and 

d) x-0.000 and y -0.730. 

7. The system of claim i , wherein the emission CIE color coordinates of the at 
[qst one bmnxrscent material axe located within an area of a quadrilateral on a CIE 
chromalictty diagram, whose corners have the following CIE color coordinates: 

e) x«0-0137 and y =0.4831; 
0 x=0.2094 and y -0.3953: 

g> jl=0.2S79 and y «0.5196; and 
h) x=O.O108 anriy-G.7220. 

8. The system of claim 1, wherein.* 

the at least oce lumtaesceni material (21) comprises a single 
AMgAIO:Eu~ &s?+ phosphor; and 

A composes at least one of Ba, CaorSr. 

9. The system of claim 8, wherem: 

the AMgAlOcEu 2 * .Mn 2 * phoaphor comprises an AMg a Al J< 0»«Eff l+ tMn 3+ 
pboepnon and 

A comprises at least 90% Ba. 

10. The system of claim 9, wherein; 

(he AM&AliA^Eu 3 *. Mn 94 phosphor comprises a Ba VB En Jt Mg 2 . 
^MnjAl^Oy, phosphor; 
0 < x £ 0.2; and 
0.05 £y£ 0.5 

11. The system of claim 1. wherein: 
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the af least one luminescent mutortal (21) comprises a single phosphor 
selected from; 

i) an EO*AK>-.Ett 3 * ,Mn ** phosphor, where £ comprises at least one of 
Ba, Sr or Ca; 

n) tn EMO:Ea a *.Mn 1 * phosphor. -Where E comprkes at kast one of Ba. 
Sror Ca; or 

in) a GAK):Eu 3+ v Msr i+ phosphor, where O comprises at least one of K, 

11. NaorRb. 

12. The system erf claim 11, wherein: 

me EQ*AiD:Eif r > Mir + phosphor comprises xBaO»6Al^:Eir\Mh J+ ; 
the EAIO;Eu 24 .Mr? 4 phospbor comprises (Ba,.«Bi^Al J>y Mn,0» a j 5 ; 
the GAIO:ED 3 *.Mn 2-1 ' phosphor comprises (^.^u^^^d^O,,,^. 

13. The system of claim 1 , wherein: 

thr at least cod iiwwinwwpwnt material (21) comprises a first phosphor having 
a first peak emission wavelength below 505 nm end a second phospbor having a 
second peak emission wavelength above 505 cm. 

14. The sysremof daim 13, wteremto 

range from 440 to 455 nm end the second peak emission wavelength is ax a range 
from 530 to 325 am. 

system of claim 14, ■wherein the first phosphor comprise* at least one of: 
an AMgAIO:Eo a+ phospbor where A conaprises at least one of Ba. Ca 

a DPOCLEif' phosphor where D comprises at least one of Sr. Ba, 

an ECPAlOrBa** phosphor, where B comprises at least one of Ba, Sr 



15. The 
a) 

or Sr, 

b) 

CaorMg; 

c) 
orCa,- 
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d> an EAIO:^ phosphor, where E wnnprises H least one of Ba, Sr or 

Ca; or 

e) a GAlOrBr 1 * phosphor, where G comprises at least one of K, IX Na 

or Bb. 

5 

16. Thesysterocrf clami 15, wherein trie 
o£ 

0 an AMgAJO: Ea 1 * .Mri^ phosphor where A comprises at least one of 
Ba, Ca or Sr; 

1Q g) an BO*AlO:Eir l+ ,Mn phosphor, where B 00050186* at least one of 

Ba. Sror Ca; 

h) an EAK>:Eu",Mrf + phosphor, where B comprises at lent one of Ba. 
Sr or Ca; or 

9 a GA10:Eu?* .Ma?* phosphor, where G comprises at least one of K, 
15 La, Na or Rb. 

17. The system of claim 15, wherein: 

the AMgA10:Bn 2 * phosphor comprises AM&Alj &fi&?*t wtsere A 
comprises at least 908 Ba: 
20 the DPOCliEu 2 " 

me AMgAlO^.Mo 1 * phosphor ccrnprisea ,Mn" , 

where A comprises at least 90% Ba; 

me EO*A10 phosphor comprises xBaO-fiAlA^ 1 * ; 

me EAlOEu** phosphor caooprisca <Ba,.«Eu K )Al a 0 1? ; and 
25 the GAlOiEcr 14 phosphor comprises 0Ci^Ea,>Al n O nj0r ,; 

me BO*A10:Ea l *,Mij ,+ phosphor comprises xBaO*6Al a C^.Eu 1> >Mn" ; 

me BAKhBu^^ln 1 - phosphor comprises (BatJBa^^OyOuMis,; and 

me GA10:Ea i *,Mn J * phosphor comprises (KJBu^Al^^O,,^*- 



30 18. Tbe system of claim 17, whereou 
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the AMgjA^O^Bu 1 * phosphor comprises CBa 1 ^Bu,)M&Al l A^ where 0 

the (&3a,Ca.Mg) 5 (P0 4 ) 3 Cl:Ba a *; phosphw comprises (Sr,^ Ba, Ca, 
tTO^Vn, Where 0.01 ixi0.2,OiyS 0.1 andO £z £ 0.1. 

Che AMgaAlieOniEa** phosphor comprises (B^JBoJM&^ri^Av where 
0 < xs 0.2 and 0 < y£ 0.5; 

chc aBaO*6AbQ,:Bu** phosphor comprises Ba an Eu< U pMrWd w .»O l T Jt ; 

the (BajJEnJAli^^fc^Ot^j, pfwspbor comprises 

the (K,^BiOAl lWs Mn,O u jwjj, phosphor comprises 

19. The system of claim 18, wherein: 

the first phosphor comprises 03a 1 _^o0iMg a Al ^O^ > where 0 < r 5 0.2; and 
the second phosphor comprises {Ba w Bn 1 )Mg 3 . y MnyM li On l where 0 < x < 
0.2 and 0 < ys: 0.5. 

20. The system of clann 19, wbsmiu the at least one tuininrsccnt material (21) 
coinprises me first phosphor end the second phosphor in a weight ratio of abed 
30:70 to about 6:92. 

21. The system of claim 20, wtrrrin Gib weight ratio tl* first pbospiior *> tie 
second phosphor is- about 18:82. 

22. The system of claim 21, wherein: 

die first pho sphor and the second phosphor are interspersed; or 

tho first phosphor and the second phosphor comprise discrete overlying 

layers. 
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23. The system of claim 13. wherein at least one of (he first phosphor or the 
second phoqahoc comprise* a blend of at least two phosphors- 

24. The system of claim 1 . Anther comprising: 

a shell (17) ctggaiaing the light anittics diode (It); 

an etcapsukebig material (19) between the shell (17) and &c light cmitmifi 
diode (11); wherein at least one luminescent material comprises it least one 
phosphor, and 

a) thephosphixiscoatedoverawitacecf fte fight emihangdkide (11); 
c> the phosphor Is coated onto the shell (17). 

25. The system of claim. 24, further comprising: • 

a traffic signal boosing (43) containing the bloe-greec illumination system 
(51); and 

a traffic Hght lens (45) in front of the blue^reen fflnmmaikm system (51). 

26. The system of claim 1, wherein radiation emitted from a En** activator 
results ma first peak emission wavelength and radiation emitted bom aMn 1+ 
activator results in a second peak canisaion wavelength. 

27. A traffic signal (41) comprising: 
a housing (43); 

at least one lens (45); 

a radiation Gocrce Q.) having a peak emission, wavelength of 420 ran and 
hdow; and 

at least one lumin e sc ent material (3) having at least two peak emission 
wavelengths, wherein the emission CEB color coordinates of me at least two peak, 
enrisskm wavelength* are located wrffiin an area of a quadrilateral on a CIE 
chromaticrty diagram, whose comers have the fiouowmsi CIE cote coordinates: 
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a) 

b) 



x^O-OOQ and y =0.506; 
x =0.224 and y =0.339; 



x =0.280 end y =0,450; and 
X .=0.000 and y =0.730. 



5 



28. The traffic signal of claim 27, wherein the radiation source (1) comprises a 
light finf**' 1 ^ diode (LI). 

29. The traffic signal of claim 28, wherein tte emission Cffi colnx coordinates of 
10 the at lost two peak emission wavelengths are x«0-l ± 0.05 and y «-0.52 ± 0.05. 

30. The tragic signal of claim 29, wherein the at least one fa mmrav n t material 
(1) comprises a blend of a (Ba 1<( EuJMg 2 Ai,«0i, phosphor, where 0 < xsO-2, and 
a (Baj^Eo^lgiTMivAlyrO^ rfcespher, where 0 < 0.2and0 <ji 0.3 ina 

15 we^ht ratio of about 3CK70 to about 8:92. 

31. The traffic signal of claim 30. whfatan tfcs wetght ratio Is about 18:82. 

32. A method of making a blue-green tight ffinmipation system, ccmprismg: 
20 Meodmg a anosphor powder having a flat peak emisatoc warctengm 

and a second phosphor powder having a second peak enrisaion wavelength to form a 
phosphor powder mixture having emission CXE color coordinates located within an 
area of a pentagon on a CIFcrrramaticity diagram* whose comers have the 
following CTB color coordinates: 
25 e) x-0.0137 and y«=0.4831; 



b) x =0.2240 and y =0.3890; 

c) x-O.2800 and y=0.4500; 

g) • x «=0.2879 and y=0 5196; and 

h) x=0.0108 and y =0.7220; and 
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placing the phosphor powder mixture (3, 21)inio me 
adjacent a radiation source (1). 

33. Them«hMofci^32, wheremte 



34. The method of claim 33, whecem; 

the light emitting diode (II) peak emission waller** is beCween 370 and 

405 ran; and 

the phosphor powder mixture (23) emission QE color coordinate* are x=0. 1 
±0.05 andy»0.52 ±0.05. 



35/ The method of claim 34, wherein the step of bkmdmg comprises Mending a 
first phosphor powder selected from at leasr one of: 
J5 a) a AMgAlOiEo 3 * phosphor wterc A comprises at least one of Ba, Ca 

Of Sr; or 

b) a DPOa:Eu 2+ phosphor where D comprises at least one ot Sr, Ba, 

Ca or Mg; and 

« second pJtosphor powder adecwl &om « laaa one oft 
20 C ) a AMgAlOiEu",^* phosphor where A conrpris« at least one of 

Ba, Ca or Sr; 

d) nnE«0*A10:Eir* + g*fo ,+ phosphor, where E comprises al least one 
ofBa, SrarCa; 

c) an EA»:Bu* Mrf* phosphor. Where E comprise* at least one of Ba, 

25 Sr or Ca; or 

t) a GMO:Brf\Mar v * phosphor, where G comprises at lcart one of K, 

Li, NaarRb- 

36. The method of dim* 35. wherein the step Weoo^ the ^ |*osr*M 
30 powder and d» second phosphor powder comprises blending (Ba,. 
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^OM&Ai,^, Where 0 < 0.2, and <£a v JEnjM & ^»ln^ 1 ^, where 0 < k 
£ O^andO <y5 0.5 In a weight ratio of about 30;70 to about 8:92. 

$7. The methodofclann 36, wherein the weight ratmU about 18:82. 

38. The method of claim 33, mrther comprising: 

placing the light emitting diode (1 1) into a absU <17); end 
fining tte sbefl (17) with an encapsubtfmg material (19). 

39. Tnemeujodof claim38, mitber coomrisiDg: 

a) coattag a snpanaton af the phosphor powder mhdnre and a solvent 
over a surface of the light emitting diode (11) and drying the suspension; 

b) mle i bp euing the phosphor powder mixture (21) in the CDcapjulatiiig 
material (19); or 

c) coating a suspension of phosphor powder mixture and a solvent onto 
(be shell (17) ind drying the Buapenakm. 

40. The rocCiod of claim 32, wherein the emission CIE color coordinates of the 
phosphor powder mbttmr (21) are located within an area of a trnartrilatrral on a CIE 
chromahcHy diagram, whose corners have (be following CIE color coordinates: 

a) x-O.GOO and y =0.506; 

b) x«0.224andy«0.389: 

c) *«O.280 and y =0.450; and 

d) x=K>.OO0 and y «=0.730. 

41. Thr method of claim 40, further cornpeiirog placing the Ulnmrnation yystero 
(51) into a traffic signal housing (43). 
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e) x=0.0137 and y=0.4B31i 

1) x =0.2094»ndyM).3953; 

g) x =0.2879 and y=0.5196; and 

b) x-0.0108andy-0.7220. 



The method of claim 42, finite comprising placing tht 
into an tntamotfoe display. 
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